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Compressive s t r e s s - s t r a i n  measurements i n  the  pre-macroyield region 
have been made on 99.999 percent pure copper s ingle  c rys t a l s  purchased 
from Research Crystals,  Inc.  The tes t  specimens were cylinders t h a t  mea- 
sured approximately 0.375 i n .  i n  diameter by 0.750 i n .  high and were 
oriented s o  t h a t  t he  end faces were (100) planes. Testing was done i n  a 
spec ia l  high s e n s i t i v i t y  apparatus that w i l l  be described i n  d e t a i l  i n  a 
fu ture  publication. An i n i t i a l  stress b ia s  of 0.45 g/m2 was a necessary 
condition i n  the  t e s t i n g  procedure. 
s t a n t  s t r a i n  r a t e  of 4.5><10-5 sec'l. 
Specimens were compressed a t  a con- 
Applied load versus specimen deflec- 
t i o n  was p lo t ted  d i r ec t ly  with an X-Y recorder, and s ince only specimen 
def lect ions were measured, no corrections were required i n  computing 
specimen s t r a i n .  
A representative s e t  of cycl ic  loading-unloading curves f o r  a s ingle  
c 
specimen are  shown i n  Fig. 1. The number a t  the  top of each e r n e  denotes 
the  loading-unloading cycle. Several modulus values a re  shown a t  various 
stress l eve l s .  These were calculated f romthe  tangents t o  the  curves shown 
by the  dashed l i n e s .  The following spec i f ic  features  a re  apparent i n  
Fig. 1: (1) both the loading and unloading curves a re  nonlinear with a 
concave upward curvature, ( 2 )  the  f irst  few cycles show open hysteresis  
. 
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loops ( r e s idua l  s t r a i n ) ,  (3) a f t e r  a number of cycles t o  loads equal t o  or 
l e s s  than the maximum of the  first cycle, closed loops r e s u l t  (cyc le  lo), 
(4) a change i n  slope occurs when the  load exceeds the  maximum of previous 
,cycles  (cycles 11 and 16), and (5) a nonuniform s t r a i n  increment detectable 
a t  the  in s t an t  of crosshead reversa l  i n  t he  f i r s t  few cycles disappears 
with successive cycling. 
/ 
I n  a study of the  s t r e s s - s t r a i n  behavior of severa l  ion ic  s ing le  crys- 
t a l s ,  it was found t h a t  closed hysteresis  loops could be made t o  open by 
subjecting the  specimen t o  low amplitude mechanical o sc i l l a t ions  .l The 
r e s u l t s  of t h i s  study suggested the  following experiment. The specimen 
used t o  produce the  curves of Fig.  1 was placed upright on a PZT transducer, 
which measured 0.5 i n .  i n  diameter by 1.0 in. high, t h a t  was driven by a 
var iable  frequency o s c i l l a t o r  whose output was s e t  a t  40 v rms. After t he  
specimen was shaken f o r  25 min a t  various frequencies from 100 t o  5000 cps, 
/ 
it was returned t o  the  compression apparatus, and the  loading-unloading 
cycles (cycles 20 t o  32)  were executed. These r e s u l t s  a r e  shown i n  Fig. 2, 
where it i s  r ead i ly  seen t h a t ,  f o r  the f i rs t  few cycles a f t e r  shaking, open 
hys te res i s  loops and the  ' ' s t ra in  increment" a t  t he  in s t an t  of crosshead 
reversa l  reappear. 
The s t r a i n  increment can be explained as follows. The e l a s t i c  energy 
s tored  i n  the  loading system (machine plus load c e l l )  coupled with s t i l l  
ac t ive  s l i p  processes i n  t h e  specimen r e su l t s  i n  addi t iona l  s t r a i n  a f t e r  
the  reversa l  of d i rec t ion  of the  imposed s t r a i n .  The e f f e c t  decreases with 
siicceediiii cj-clzs &;e to t h e  exhalstin-n, of the actr.ive s l i F  processes. The 
shaking treatment regenerates t h i s  e f fec t  since it regenerates these s l i p  
1 , '  
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, processes. 
The tangent modulus during cycle 1 (Fig.  1) var i e s  from a value several  
orders of magnitude lower than t h e  e l a s t i c  value of 3.3X101' dynes/cm' t o  
a maximum value on the  unloading curve of 1.89X1Ol1 dynes/cm2. 
c les  t o  a maximum resolved shear s t r e s s  
tangent modulus i s  2.13X1011 dynes/cm2. 
lower than the  value of 1.79X1012 dynes/cm2 reported by Rosenfield and 
Auerbach, who performed s t a t i c  t e n s i l e  t e s t s  on high pu r i ty  copper s ing le  
c rys ta l s .2  
modulus of 3.2X1O1l dynes/cm2, which i s  a f ac to r  of 10 lower than the  value 
After 19  cy- 
UR 
This value i s  nearly a f ac to r  of 9 
of 10.5 g/mm2, the  maximum 
Cycle 32 i n  the  sequence shown i n  Fig. 2 has a maximum tangent 
calculated from e l a s t i c  constants. 3 
I n  addition t o  the  low moduli, the r e s u l t s  reported here show that, f o r  
i n i t i a l  loading t o  a aR of 10.4 g/mm2, t o t a l  s t r a in  ET of 4.4>(10'4 re -  
sults, and a f t e r  19  Cycles, a uR of 10.5 g/mm2 produces an gT of 
3 . 0 ~ 1 0 ' ~ .  These large s t r a i n s  a t  low s t r e s s  leve ls  and t h e  low tangent 
moduli a r e  taken t o  indicate  t h a t  a dislocation mechanism i s  operative. 
This is  quite reasonable when one considers t h a t  Young has measured the  fo r -  
ward motion of dis locat ions i n  copper, by an e tch  p i t  technique, a t  s t r e s ses  
of 4 g/m2 and the back motion of dislocations a t  s t r e s ses  as low as  2 g/~nm'.~ 
The general  r e s u l t s  reported here for copper a r e  qua l i ta t ive ly  iden t i ca l  
t o  observations made on severa l  ion ic  s ingle  crystals. '  
e f fec t  of the low kilocycle shaking i s  qua l i ta t ive ly  s imi la r  t o  the  cycl ic  
softening observed i n  some materials by other invest igators  .5,6 
Furthermore, the  
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Fig. 1. - Cyclic loading-unloading curves for copper sing e crystal (no. 211641). Diameter, 
0.3774 in. ; length, 0.7426 in. ; stress bias, 0.45 gl mm 1 .
32 21 I 
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as-received crystal 
Loadings 20-32 performed 
after crystal was shaken 
1 
Deflection, in. 
Fig. 2 - Cyclic loading-unloading curves for copper single crystal (no. 211641) after shaking 
for 25 min. Diameter, 0.3774 in. ; length, 0.746 in. ; stress bias, 0.45 g/mm2. 
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